Journal  of  Power  Sources  215  (2012)  312-316 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

Sbb..«jtS 


Short  communication 

Failure  mechanisms  of  LiNio.5Mn1.5O4  electrode  at  elevated  temperature 

Taeho  Yoonb,  Sangjin  Parkb,  Junyoung  Munb,  Ji  Heon  Ryub,  Wonchang  Choia,  Yoon-Sok  Kanga, 
Jin-Hwan  Park3,  Seung  M.  0hb'* 

a  Battery  Group,  Energy  Lab,  SAIT  (Samsung  Advanced  Institute  of  Technology),  Yongin  446-712,  Republic  of  Korea 

b  Department  of  Chemical  and  Biological  Engineering,  Institute  for  Chemical  Processes,  and  WCU  program  of  C2E2,  Seoul  National  University,  Seoul  151-744,  Republic  of  Korea 


HIGHLIGHTS 


►  Failure  mechanisms  in  the  LiNio.5Mn1.5O4  electrode  at  elevated  temperature. 

►  The  electrode  failure  is  caused  by  the  breakdown  of  electrically  conductive  network. 

►  Crack  or  void  forms  inside  the  composite  electrode  layer. 

►  Reinforcing  the  electrically  conductive  network  is  effective  to  mitigate  the  failure. 
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Failure  mechanisms  involved  in  the  high-voltage  LiNio.5Mn1.5O4  electrode  are  studied  at  an  elevated 
temperature  (60  °C).  At  ambient  temperature  (25  °C),  this  oxygen-deficient  spinel-structured  electrode 
shows  a  reasonable  cycle  performance,  but  a  rapid  capacity  decay  after  40  cycles  at  60  °C.  An  increase  of 
electrode  polarization  and  formation  of  electrically  isolated  active  material,  both  of  which  become 
prominent  from  the  40th  cycle,  suggest  that  the  electrode  failure  is  mainly  caused  by  the  breakdown  of 
electrically  conductive  network  that  is  made  between  the  active  material,  carbon  and  current  collector  in 
the  composite  electrode.  The  post-mortem  electron  microscope  study  reveals  a  crack  formation  at  the 
electrode  layer/aluminum  current  collector  interface  as  well  as  inside  the  composite  electrode  layer, 
which  can  account  for  the  electrode  polarization  and  electrical  isolation.  The  failure  can,  however,  be 
mitigated  by  increasing  the  load  of  conductive  carbon  or  polymeric  binder,  and  also  by  using  an  etched 
aluminum  foil  as  the  current  collector.  All  these  countermeasures  seem  to  be  beneficial  to  reinforce  the 
electrically  conductive  network. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  an  effort  to  increase  the  energy  density  of  lithium  secondary 
batteries,  a  few  high-voltage  positive  electrode  materials  have  been 
developed.  One  of  the  spotlighted  materials  is  the  lithium-excess 
layered  oxide,  xL^MnOs  -(l-x)LiM02  (M  =  Co,  Ni,  Mn),  which 
has  a  higher  working  voltage  and  larger  specific  capacity  than  those 
of  UC0O2  and  LiMn204  [1—3].  The  intrinsic  problem  for  this  mate¬ 
rial  is,  however,  the  structural  change  upon  cycling  from  the 
layered  to  spinel  phase,  which  is  undesirable  since  it  lowers  the 
working  voltage  [2,3]  Moreover,  this  material  is  unstable  as  the 
Mn3+  ions  are  prone  to  the  disproportionation  reaction  and  Jahn- 
Teller  distortion  [4]. 
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The  spinel-structured  LiNio.5Mn1.5O4  (LNMO,  hereafter)  is  also 
categorized  as  the  high-voltage  positive  electrode  material  since  its 
working  voltage  is  as  high  as  4.6-4.8  V  (vs.  Li/Li+).  In  this  Ni-doped 
Mn  spinel,  only  the  nickel  ions  are  redox  active  while  the  Mn  ions 
are  idling  [5-7].  Namely,  the  two-electron  redox  reaction  (Ni2+  <-► 
Ni4+)  is  responsible  for  the  high-voltage  charge/discharge  reaction. 
This  feature  is  contrasted  by  the  un-doped  Mn  spinel  (LiMn204),  in 
which  the  charge/discharge  reaction  near  4.0  V  is  associated  with 
the  one-electron  redox  reaction  by  the  Mn  ions  (Mn3+  <->  Mn4+).  It 
is  known  that  the  un-doped  spinel  suffers  from  the  structural 
degradations  such  as  disproportionation  reaction  and  Jahn-Teller 
distortion,  which  are  caused  by  the  formation  of  Mn3+  ions  in  the 
discharging  period  [4,8,9].  LNMO  is  free  from  such  a  structural 
degradation  since  the  Mn  valence  is  maintained  at  4+.  The  high 
working  voltage  with  an  outstanding  structural  stability  must  be 
beneficial  for  the  practical  application  of  this  material.  This 
advantage  is,  however,  largely  offset  by  the  instability  of  the  cell 
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constituents,  which  is  caused  by  the  high  working  voltage.  That  is, 
at  such  a  high  charge/discharge  potential,  the  electrolyte,  polymeric 
binder,  conductive  carbon,  aluminum  current  collector,  and  active 
material  itself  are  not  stable  against  oxidation,  which  is  even  more 
serious  at  elevated  temperatures  [10-13].  The  degradation  mech¬ 
anisms  of  LNMO  have  been  proposed  in  the  literature,  in  which  the 
metal  dissolution  by  hydrogen  fluoride  attack  [10]  and  electrode 
polarization  due  to  a  formation  of  surface  film  [14,15]  have  been 
proposed. 

This  work  is  an  extension  of  the  previous  ones,  in  which  the 
failure  mechanism  of  LNMO  is  studied  at  an  even  harsher  condition 
(elevated  temperature).  The  dominant  failure  mechanism  has  been 
isolated  among  the  possible  ones  such  as  metal  dissolution,  phase 
transition  to  inactive  phases,  electrical  isolation  of  active  compo¬ 
nents,  and  breakdown  of  electrically  conductive  network.  Also,  the 
countermeasures  to  mitigate  the  electrode  failure  are  provided. 

2.  Experimental 

The  used  LNMO  powder  was  purchased  from  Tanaka  Chem. 
Corp.,  Japan.  A  composite  positive  electrode  was  prepared  by 
spreading  the  slurry  of  LNMO  powder,  Denka  black  (as  a  carbon 
additive  for  electrode  conductivity  enhancement),  and  poly(- 
vinylidene  fluoride)  (PVdF,  Solef  620  as  a  polymeric  binder)  (94:3:3 
in  wt.  %  unless  otherwise  specified)  on  a  piece  of  aluminum  foil  (as 
a  current  collector),  which  was  followed  by  drying  at  120  °C  under 
vacuum  for  12  h.  The  electrode  was  then  pressed  to  enhance  the 
inter-particle  contact  and  to  ensure  better  adhesion  to  the  current 
collector.  The  used  electrolyte  was  1.3  M  LiPF6  dissolved  in 
a  mixture  of  ethylene  carbonate  (EC),  diethyl  carbonate  (DEC)  and 
ethylmethyl  carbonate  (EMC)  (3:5:2  in  vol.  ratio).  Coin-type  cells 
(CR2032)  were  assembled  with  a  lithium  metal  counter  electrode 
and  a  poly  propylene  (PP)  separator.  The  galvanostatic  charge/ 
discharge  cycling  was  made  using  a  Toscat-2100  cycler  over  the 
potential  range  of  3.5-4.9  V  (vs.  Li/Li+).  For  complete  charging, 
additional  constant-voltage  step  was  added  at  4.9  V. 

For  a  post-mortem  X-ray  diffraction  (XRD)  and  field-emission 
scanning  electron  microscope  (FE-SEM)  analysis,  the  cycled  cells 
were  disassembled  in  an  argon-filled  glove  box,  and  the  LNMO 
electrodes  were  collected  in  their  discharged  state  and  washed 
with  dimethyl  carbonate  (DMC).  The  XRD  analysis  was  made  using 
a  D8-Brucker  diffractometer  equipped  with  Cu  Ka  radiation 
(1.54056  A).  To  obtain  the  cross-sectional  FE-SEM  (Model  JSM- 
6700F,  JEOL)  images,  the  electrode  samples  were  crosscut  by 
using  an  argon-ion  beam  polisher  (SM-09010,  JEOL)  at  a  constant 
power  of  0.5  W  (5  kV  and  0.1  mA)  under  vacuum  (<2.0  x  10~4  Pa). 
Metal  dissolution  from  the  cycled  LNMO  electrode  was  estimated 
by  measuring  the  Mn2+  and  Ni2+  ion  concentration  in  the  elec¬ 
trolyte  solution,  and  the  metallic  Ni  and  Mn  that  are  deposited  on 
the  lithium  negative  electrode  by  inductively-coupled  plasma  (ICP) 
technique.  For  the  latter  analysis,  the  cycled  lithium  electrode  was 
dissolved  in  a  mixture  of  concentrated  hydrochloric  acid  and  nitric 
acid  (3:1  in  vol.  ratio).  Ac  impedance  measurement  was  made  at  the 
charged  state  (4.7  V)  in  the  frequency  range  of  0.005  EIz-100  kEIz 
with  ac  amplitude  of  10  mV. 

3.  Results  and  discussion 

It  is  known  that  LNMOs  give  slightly  different  XRD  patterns 
depending  on  their  chemical  composition  [16-18].  The  stoichio¬ 
metric  LiNio.5Mn1.5O4  belongs  to  P4332  space  group  (JCPDS 
#802184),  in  which  the  Ni2+  and  Mn4+  ions  are  ordered  in  the  16d 
sites  with  1:3  ratio.  The  non-stoichiometric  (oxygen-deficient) 
LiNi0.5Mni.5O4_5,  which  are  generated  at  higher  calcination 
temperature  or  under  more  reducing  condition,  carry  Mn3+ 


impurities  that  form  to  compensate  the  oxygen  deficiency.  The 
space  group  of  this  material  is  Fd3m  (JCPDS  #802162),  wherein 
the  transition  metal  ions  are  randomly  distributed  (disordered)  in 
the  16d  sites.  As  the  positive  electrode  for  lithium-ion  batteries,  the 
non-stoichiometric  LNMO  are  known  to  outperform  the  stoichio¬ 
metric  one  with  respect  to  the  cycle  performance  and  rate  capa¬ 
bility,  which  can  be  ascribed  to  a  superior  electric  conductivity  that 
is  resulted  from  the  mixed-valency  of  Mn  ions  (co-existence  of 
Mn3+  and  Mn4+  ions)  [17,19].  Fig.  la  shows  the  XRD  pattern  of  the 
pristine  LNMO  powder.  The  stoichiometry  of  the  pristine  LNMO 
cannot  be  judged  solely  by  the  given  XRD  data  since  the  stoichio¬ 
metric  and  non-stoichiometric  LNMO  give  only  a  marginal  differ¬ 
ence  in  their  XRD  patterns.  Nonetheless,  the  used  LNMO  can  be 
categorized  as  a  non-stoichiometric  one  since  the  voltage  profile 
shown  in  Fig.  lb  provides  a  clear  evidence  for  this.  That  is,  the 
LNMO  electrode  exhibits  a  minor  redox  reaction  around  4.0  V  in 
addition  to  the  major  charge/discharge  reaction  at  4.6-4.7  V.  The 
latter  comes  from  the  Ni2+  <-►  Ni4+  redox  reaction,  whereas  the 
former  from  the  Mn3+  impurities  (Mn3+  <-►  Mn4+  redox  reaction), 
which  is  the  evidencing  feature  for  the  non-stoichiometry  of  LNMO 
[6,17].  Note  that  the  stoichiometric  LNMO  shows  only  a  redox 
reaction  at  4.6-4.7  V  (theoretical  specific  capacity  =  148  mA  h  g-1). 

The  high-temperature  (60  °C)  cycle  performance  of  the  LNMO 
electrode  is  presented  in  Fig.  2a  along  with  the  result  obtained  at 
25  °C.  The  LNMO  electrode  shows  a  reasonable  cycle  performance 
at  25  °C.  A  stable  cycle  performance  is  observed  even  at  60  °C  until 
30  cycles,  but  a  rapid  capacity  decay  from  the  40th  cycle.  The  origin 
of  capacity  fading  can  be  broadly  classified  into  two;  polarization 
loss  and  active  material  loss  with  cycling.  The  former  is  caused  by 
the  increase  in  either  overpotential  for  electrode  reactions  or  ohmic 
resistance  including  electrode  resistance  and  electrolyte  resistance. 
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Fig.  1.  X-  ray  diffraction  pattern  of  LiNio.5Mni.504_5  powder  (a)  and  the  galvanostatic 
charge/discharge  voltage  profile  of  Li/LNMO  cell,  which  ensures  that  the  LNMO  sample 
is  non-stoichiometric  (b).  Current  density  =  12  mA  g-1. 
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Fig.  2.  Cycle  performance  of  Li/LNMO  cell  at  25  °C  and  60  °C  (a).  The  galvanostatic 
charge/discharge  voltage  profiles  obtained  at  60  °C  (b).  Voltage  cut-off  =  3.5-4.9  V  (vs. 
Li/Li+).  In  (a),  the  current  density  was  switched  from  120  mA  g-1  to  12  mA  g-1  for  the 
90th  ~  92nd  cycles  and  resumed  back  to  120  mA  g-1  from  the  93rd  cycle. 


The  capacity  loss  caused  by  this  origin  is  rate-dependent.  That  is, 
even  if  the  capacity  loss  appears  to  be  larger  at  a  higher  rate  as 
a  smaller  capacity  is  delivered,  the  apparent  capacity  becomes 
larger  when  the  charge/discharge  rate  is  slowed  down.  The  other 
origin  for  capacity  fading  is  the  loss  of  active  material  itself,  which  is 
frequently  caused  by  dissolution  of  electrode  active  materials  and/ 
or  irreversible  structural  change  to  inactive  phases.  In  this  case,  the 
capacity  cannot  be  recuperated  even  if  the  rate  is  slowed  down 
since  the  material  loss  is  irreversible.  The  latter  possibility  has  been 
tested  in  this  work  by  changing  the  galvanostatic  charge/discharge 
rate.  As  shown  in  Fig.  2a,  the  Li/LNMO  cell  was  cycled  at  60  °C  at 
a  current  density  of  120  mA  g-1  until  the  89th  cycle,  during  which 
the  discharge  capacity  decays  down  to  10  mA  h  g_1.  When  the 
current  density  is  decreased  from  120  mA  g-1  to  12  mA  g-1,  the 
discharge  capacity  appears  as  high  as  110  mA  h  g-1.  Clearly,  the 
capacity  is  recovered  at  a  slower  rate,  reflecting  that  the  irreversible 
material  loss  is  insignificant.  To  conform  this,  the  metal  dissolution 
was  measured  after  80  cycles.  The  ICP  analysis  illustrates  that  0.7% 
of  Mn  and  2.2%  of  Ni  are  dissolved  from  the  cycled  LNMO.  The 
capacity  loss,  which  is  estimated  from  the  dissolved  Ni  content, 
amounts  to  only  2.8  mA  h  g-1.  Surely,  the  material  loss  by  metal 
dissolution  is  only  marginal  not  to  account  for  the  severe  capacity 
loss  shown  in  Fig.  2a.  Rather,  the  charge/discharge  voltage  profiles 
represented  in  Fig.  2b  suggest  that  the  capacity  fading  is  associated 
with  the  ever-increasing  electrode  polarization.  The  electrode 
polarization  estimated  from  the  difference  between  the  charge  and 
discharge  voltage  becomes  larger,  particularly  from  the  40th  cycle. 

In  order  to  see  if  the  spinel  LNMO  phase  is  transformed  to  any 
inactive  phases,  the  XRD  patterns  of  cycled  LNMO  electrodes  were 
examined  (Fig.  3a).  The  XRD  patterns  of  cycled  LNMO  electrodes  are 
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Fig.  3.  X-ray  diffraction  patterns  of  LiNio.5Mn1.5O4  cycled  at  60  °C  (120  mA  g-1)  (a).  The 
XRD  patterns  were  obtained  at  the  discharge  state  (3.5  V)  after  the  predetermined 
period  of  cycling.  The  magnified  views  of  (111 )  diffraction  peak  (b).  Note  that  additional 
(111)  diffraction  peaks  (arrows)  develop  after  40  cycles.  The  (111)  diffraction  peaks  for 
the  LNMO  samples  of  different  state  of  charge  (SOC)  (c).  The  result  obtained  from  the 
pristine  sample  (SOC  =  0%)  is  also  presented  in  (c). 


largely  the  same  with  that  for  the  pristine  one  without  any 
discernable  diffraction  peaks  belonging  to  other  than  Fd3m  space 
group.  This  illustrates  that  there  are  no  structural  transformations 
from  the  parent  spinel  to  inactive  phases  during  the  high- 
temperature  (60  °C)  cycling.  However,  the  magnified  view  of 
(111)  diffraction  peak  reveals  that  additional  peaks  develop  at  the 
higher  angle  on  the  XRD  pattern  obtained  after  40  cycles  (Fig.  3b). 
To  identify  the  new  peaks,  the  XRD  data  of  LNMO  were  obtained  as 
a  function  of  the  state  of  charge  (SOC).  As  shown  in  Fig.  3c,  the  (111 ) 
diffraction  peak  moves  to  the  higher  angle  with  an  increase  in  the 
SOC  [20].  The  most  intense  (111)  diffraction  peak  on  the  XRD 
pattern  of  the  cycled  electrode  is  matched  with  that  for  the  pristine 
LNMO  (SOC  =  0%)  (Fig.  3c),  illustrating  that  almost  of  LNMO 
particles  are  fully  discharged.  This  is  not  surprising  since  the  XRD 
data  were  obtained  after  a  full  discharge.  It  is,  however,  clearly  seen 
that  the  new  peaks  (arrows)  are  matched  with  those  for  the 
incompletely  discharged  samples  (SOC  of  higher  than  zero), 
strongly  suggesting  that  some  of  the  LNMO  particles  are  not  fully 
discharged  even  if  the  electrode  potential  was  moved  down  to  3.5  V 
in  the  final  discharge  period. 

The  incomplete  discharging  may  be  caused  by  electrical  isola¬ 
tion  of  some  LNMO  particles  in  the  composite  electrode  layer.  This 
feature  has  been  confirmed  from  the  cross-sectional  SEM  images 
shown  in  Fig.  4.  The  cross-sectional  image  taken  after  30  cycles 
shows  that  the  composite  electrode  layer  is  still  well-adhered  to  the 
Al  current  collector,  and  the  electrode  ingredients  (LNMO  and 
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Fig.  4.  Cross-sectional  views  of  LNMO  composite  electrodes;  after  30  cycles  (a)  and  40  cycles  (b)  at  60  °C.  Current  density  =  120  mA  g  \ 


carbon  particles)  make  an  intimate  contact  to  each  other  (Fig.  4a). 
The  image  taken  after  40  cycles  (Fig.  4b)  reveals  that  the  composite 
electrode  layer  is  swollen  and  the  cracks  develop  at  the  interface  of 
the  electrode  layer  and  Al  foil,  and  also  inside  the  composite  elec¬ 
trode  layer.  Note  that  the  FE-SEM  image  could  not  be  obtained  with 
the  60  times  cycled  electrode  since  the  electrode  layer  has  already 
been  peeled  off  from  Al  foil.  This  FE-SEM  result  can  account  for  the 
electrode  polarization  (Fig.  2b)  and  incomplete  discharging  of 
LNMO  (Fig.  3b),  both  of  which  become  significant  from  about  40th 
cycle.  That  is,  the  contact  loss  at  the  electrode  layer/Al  foil  interface 
and  between  the  LNMO  (carbon)/LNMO  (carbon)  particles  inside 
the  electrode  layer  leads  to  an  increase  in  the  electrode  resistance, 
which  eventually  leads  to  the  electrode  polarization.  Also,  due  to 
electrical  isolation,  some  LNMO  particles  are  not  active  any  more 
for  charge/discharge  reaction. 

Electrode  swelling  and  contact  losses  are  frequently  observed 
with  some  negative  electrodes  that  suffer  from  a  massive  volume 
change  with  cycling;  the  Li-alloying  materials  such  as  Si  and  Sn 
[21-24],  and  the  metal  oxides  that  are  lithiated  by  conversion 
reaction  [10,25].  As  far  as  the  positive  electrode  materials  are 
concerned,  the  volume  change  is  not  serious.  For  instance,  it  is 
known  that  the  spinel  LiMn204  shows  only  below  3%  of  volume 
change  upon  charge  and  discharge  [26].  It  is  thus  very  likely  that 
the  volume  change  cannot  account  for  the  contact  loss  observed 
with  the  spinel-structured  LNMO  in  this  work.  Rather,  it  is  intuitive 
that  the  decomposition  of  cell  constituents  is  serious  under  such 
a  highly  oxidizing  condition  (high-voltage  up  to  4.9  V  and  elevated 
temperature)  and  this  may  lead  to  the  contact  losses.  Here,  many 
scenarios  can  be  assumed.  Namely,  if  any  film  is  deposited  as 
a  result  of  electrolyte  decomposition  between  the  LNMO  (or  car¬ 
bon)  particles,  some  of  LNMO  particles  can  be  electrically  isolated 
since  the  electrolyte-derived  films  are  electrically  insulating.  The 
acid  generation  (for  instance,  HF)  as  a  result  of  electrolyte  decom¬ 
position  can  also  be  assumed  [27],  which  may  attack  the  Al  foil, 
LNMO,  and  polymeric  binder.  Oxidative  decomposition  of  the 
binder  and  carbon  can  also  lead  to  contact  losses  [28].  A  systematic 
study  is  needed  to  identify  the  most  dominant  failure  mechanism 
among  those. 

In  this  work,  several  countermeasures  were  made  to  improve 
the  cycle  performances  of  LNMO  electrode  at  elevated  temperature 
(Fig.  5).  When  the  plain  Al  foil  is  replaced  by  the  etched  one,  the  cell 
degradation  is  slightly  mitigated,  which  must  be  due  to  a  better 
adhesion  of  the  electrode  layer  to  the  etched  Al  foil.  A  similar 
improvement  is  observed  by  loading  a  larger  amount  of  binder 
(PVdF,  10  wt.  %).  The  cell  performance  is  further  improved  by 
increasing  the  load  of  carbon  (Denka  black)  and  binder.  The  elec¬ 
trode  polarization  was  compared  for  two  LNMO  composite  elec¬ 
trodes  by  taking  ac  impedance  spectra  (Fig.  6).  As  seen  in  Fig.  6, 


Fig.  5.  Cycle  performance  of  Li/LNMO  cell  with  a  variation  either  in  the  electrode 
composition  (wt.  %  of  LNMO,  Denka  black  and  PVdF)  or  Al  current  collector. 

both  electrodes  show  an  impedance  increase  with  cycling.  The 
composite  electrode  containing  a  larger  amount  of  carbon  and 
binder  (LNMO;  Denka  black:  PVdF  =  80:10:10  in  wt.  %),  which 
shows  a  better  cycle  performance  in  Fig.  5,  exhibits  a  rather  modest 
impedance  increase.  However,  the  other  one  fabricated  with 
a  lesser  amount  of  carbon  and  binder  (94:3:3)  exhibits  a  drastic 
increase,  in  particular  between  the  35th  and  55th  cycle.  This  is 
consistent  with  the  cycling  data  (Fig.  5),  in  which  a  rapid  capacity 
decay  is  noted  from  the  40th  cycle.  This  ensures  that  the  electrode 
failure  is  deeply  associated  with  electrode  polarization.  In  short, 
both  high  population  of  conductive  carbon  particles  and  strong 
binding  force  given  by  the  binder  are  needed  to  minimize  the 
electric  contact  loss  and  to  achieve  a  satisfactory  cycle  performance 
under  a  highly  oxidizing  condition. 


Fig.  6.  Evolution  of  cell  impedance  upon  cycling  observed  with  two  composite  elec¬ 
trodes.  The  composition  (wt.  %  of  LNMO,  Denka  black  and  PVdF)  for  two  electrodes  is: 
(a);  94:3:3  and  (b);  80:10:10. 
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4.  Conclusion 

The  failure  mechanism  of  5  V  LiNio.5Mn1.5O4  electrode  at 
elevated  temperature  was  studied.  The  metal  dissolution  was  not 
serious.  XRD  result  shows  that  the  phase  transition  from  spinel  to 
other  inactive  phases  is  not  likely.  The  dominant  failure  mechanism 
turned  out  to  be  the  contact  loss  at  both  the  electrode/current 
collector  interface  and  between  the  LNMO  (carbon)  particles.  Such 
contact  losses  lead  to  an  increase  in  the  electrode  resistance  and 
eventually  a  capacity  fading  as  a  result  of  electrode  polarization. 
The  contact  loss  inside  the  electrode  layer  generates  some  isolated 
LNMO  particles  that  are  no  more  active  for  charge  and  discharge 
reaction.  The  countermeasures  to  reinforce  the  electrically 
conductive  network  can  mitigate  the  electrode  failure. 
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